Smith, M. K. 1992. Regional differences in otolith morphology of the deep slope red snapper Etelis carbunculus.
Sesewa4; Sua'). The largest fish reported in this region, at Vanuatu, weighed 12.2 kg and is estimated to have measured 127 cm (R. Grandpenin, ORSTOM, Centre de Noumea, Boite Postale A5, Noumea Cedex, Nouvelle CalCdonie, pers. comm.). Maximum fish sizes for Hawaii and French Polynesia and in the range of 65-75 cm (Uchiyama and Tagami 1984; Wrobel 1985; Ralston and Kawamoto 1987) . whileehu as large as 58 cm are rarely found in the region surrounding the Commonwealth of the Northern Marianas Islands ( M I ) (Ralston and Williams 1988) . Regional differences in maximum size between these stocks are evidence of their relative isolation, probably maintained by the distances and depths that separate them.
This study describes regional differences in otolith morphology in five areas of the Pacific. It began as an effort to evaluate the reasons for differences in maximum size. Regional otolith shape differences were so remarkable that they were first believed to be an indication of taxonomic differences between stocks. However, examination of regional specimens confinned that all were Etelis carbunculus.
Materials and Methods
Fork lengths were recorded and sagittal otoliths collected from Erelis carbunculus captured at five sites throughout the Pacific between 100 and 400 m of depth. Otoliths were washed in 70% alcohol, dried, and stored in plastic envelopes. Following the measurements described below, sagittae were ovendried and desiccated to a constant weight. A resin cast of the saccular lumen was made for a few fish of each size from Hawaii. Otoliths collected on a regional basis are summarized below:
No The growth focus is a useful point of reference, visible from the unsectioned otolith's concave lateral side. The view of the otolith from this side is referred to herein as the "lateral view" (see Fig. 1 ). To make the focus more apparent, otoliths were cleared using a glycerine and alcohol (2:3) mixture. The following proportions ( Fig. 1) were recorded through a dissecting microscope from the video-relayed image (lateral view) of one of each pair of otoliths, using an optical software system designed by Biosonics, Inc. (1987) : (1) distance from tip of rostrum to focus, (2) distance from postrostrum to focus, (3) distance from sulcus groove to tip of rostrum, (4) dorsal (i) and ventral (ii) width at the focus, (5) length from postrostrum to sulcus. (6) length from sulcus to tip of antirostrum, and (7) basal width of antirostrum. btoliths were immobilized parallel to the field of view on a stand of polyurethane foam. The perimeter of each otolith was traced in a counterclockwise direction from two different perspectives, the ventral and lateral views. Each outline was digitized into a set of 128 virtual x , y coordinates, taken at equally spaced intervals along its perimeter, and a Fast Fourier Transform (FFIJ of these points was taken of the form 128 ( I ) R(@) = A, + n = 2 I A,cos(@, + 4") where the original particle representation and angular position ( R ( 0 ) ) are decomposed into a standardized starting position (A,) and 128 consecutive amplitude coefficients (A"), with angular components (0,) and slope components (6"). Rotational and size invariance was achieved by (1) dividing the amplitude coefficients by the amplitude of the first descriptor (A,), (2) setting the A,, frequency component to zero, and (3) iteratively rotating the shape in the frequency domain until an optimization function was maximized. The technique is outlined briefly in the Biosonics, Inc. (1987) manual and in more detail in references dealing with shape analysis (Alt 1962 : Hu 1962 Clark 1981) .
While the video-flattened lateral and ventral images made shape. comparisons essentially two-dimensional, the ventral view provided an index of otolith curvature and the lateral silhouette showed much of the variation in overall shape. Two other characteristics recorded from the lateral view were the indices of ( I ) circularity, the perimeter squared divided by the area, and (2) rectangularity, the shape's area divided by the area of its minimum enclosing rectangle. Normalized Fourier descriptors, scaled indices of rectangularity and circularity, and ratios of linear proportions provided size-independent indices of otolith shape, allowing comparison of different sized otoliths. To evaluate whether otolith shape indices and weights varied as a function of fish size, otoliths were grouped by IO-cm fork length intervals and the indices were compared between size groups and regions using a Student-Newman-Keuls (SNK) means test (Sokal and Rohlf 1%9) . Regional nonhierarchical cluster analyses of linear proportions, harmonics, and shape indices were performed by the SAS "Fastclus" procedure (SAS Institute Inc. 1985) . which clusters data into discrete groups by nearest centroid sorting using a k-means method (Anderberg 1973) on squared Euclidean distances (referred to hereinafter as NC cluster analysis).
Linear combinations of the multivariate regional shape characteristics were compared by canonical discriminant analyses (SAS "Candisc" procedure). The first and second canonical variables are maximally uncorrelated descriptors of the fmtand second-order multiple regressions, respectively, used to characterize the sample in two dimensions. Interregional groupings were also evaluated using hierarchical average linkage cluster analyses (SAS "Cluster" procedure) on squared Euclidean distances. To avoid the disproportionate weighting of measurements made in different units or showing a wider range of variation, all cluster analyses were performed on data mat- rices standardized to dimensionless units with mean zero and standard deviation unity (Romesburg 1984) .
Results much of the curvature and uniqueness of form which develops in the otoliths of large fish. The relationship between fork length and linear otolith dimensions was examined by log-linear regression ( Table 1) . Althouph results obtained bv this method are affected bv the Dissection of fish skulls showed that the otolith abuts against the ventral and medial wall of each otic capsule (sacculus). Both the dorsal edge and outer lateral surface of the otolith are unconstrained by the bony walls of the otic capsule, extending into the macular lumen and held in place only by a gelatinous material. Resin casts ofthe saccular lumen for fish from Hawaii produced a mold almost identical to the ventral and medial surfaces of the otolith, while the casts were 4-6 times as thick and concave rather than convex like the otolith on their outer surface. Otoliths of small fish (<30 cm fork length) had some space within the otic capsule, even along the medial surface, while otoliths of medium-sized (30-50 cm) and large (>SO cm) fish fit more and more snugly into the sacculus, their shape increasingly molded to that of the ventral and medial surfaces of the otic capsule. The constraints on otolith shape imposed by the chamber that contains them may account for size A g e included in each regression, they are mentibned because of the interesting variation observed for all regions. Regression parameters for all six linear proportions (illustrated in Fig. 1) were allometric (b always less than 1) and varied in a regional and character-specific manner. While differences between regional samples are to be expected for several reasons, within-region variation in otolith growth rate along different axes (evidenced by within-region variation in b values) and in individual variability of these traits for the same otoliths (indicated by varying coefficients of determination, 9) illustrates the complex three-dimensional nature of otolith growth. Regional regression parameters for otolith weight versus fork length are included in Table 1 , along with predicted values of otolith weight within an intermediate fork length range, for the four regions that were well represented numerically. Predicted weight for Vanuatu was the lowest, followed in increasing order by Fiji, Hawaii, and French Polynesia. size-related shape differences, but the constraints of fishing and sampling oppottunities worked out through cooperative longdistance agreements made this optimum difficult to achieve.
The ratios of linear measurements (Table 3 ) provided a good index of regional otolith shape variation. Data were pooled i mspective of size because they showed the same regional groupings (SNK, Q s 0.01). regardless of whether they were segregated by size. Regional groupings were similar to those seen for indices of circularity and rectangularity. The long and nar- Using the same six linear ratios and a seventh character, the ratio of the length from focus to tip of rostrum to that from postrostrum to sulcus ( 1 5 from Fig. l) , NC cluster analysis produced similar regional groupings ( Table 4) . The five-cluster-level partitioning of regional samples can be compared visually (tabled percentages in the last row of each section).
Hawaiian and French Polynesian samples were primarily represented in clusters 1 and 3 whereas otoliths from Fiji and Vanuatu were more abundant in clusters 4 and 5. The sample size for NMI was very small, but these otoliths were mostly grouped into clusters 1 and 3 with those from Hawaii and French Polynesia.
The A,,, harmonics (ventral and lateral views) formed similar regional NC clusters (Table 5 ) . Since the results were consistent, regardless of size category, data were again pooled.
Whatever index of shape was chosen, otoliths from Fiji and Vanuatu were segregated from those from Hawaii, French 'Polynesia, and Nh4I. As might be expected, FFT shapes produced more discrete clusters than linear proportions, and these were more well defined for the lateral than for the ventral view. Canonical discriminant analyses (CDA) and hierarchical clustering were designed to evaluate between-region shape affinities. CDA were used to represent multidimensional shape vectors in a single plane, allowing both quantitative and qualitative assessment of the proximity and content of specific clusters. Plots of canonical discriminant functions from both types of shape indices (Fig. 2) show two principal clusters connected by a transition zone. The cluster group nearest the origin and the y-axis primarily contains otoliths from Hawaii and French Polynesia (with a few from NMI). The transition zone and the cluster closer to the upper range of the x-axis (and widely dispersed along the y-axis) are mainly composed of otoliths from Fiji and Vanuatu. The results are shown for six linear dimensions. circularity. and rectangularity ( Fig. 2A) and for the first IO harmonic descriptors (Fig. 2B. lateral view) .
Using regional mean values for the three sets of traits listed in Tables 4 and 5 . hierarchical cluster analyses linked otolith shapes from French Polynesia, NMI. and Hawaii and distinguished them from those from Vanuatu and Fiji (Fig. 3) . F m data show a greater definition between regions. since harmonics represent a more sensitive shape indicator. 
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Discussion
This study summarizes evidence of regional and local variation in morphology of the otoliths of Erelis carbuncufus. Rapid and localized declines in abundance of this species throughout the Pacific in response to fishing pressure (Schaan et al. 1987; Ralston and Kawamoto 1987; Carlot and Cillaurren6; Latu and Tulua (see footnote 2); Nath and Sesewa (see footnote 4)) are an indication of low rates of migration and relatively slow growth which, together with the distance and depth between suitable habitat. lend themselves to the development of regional variation.
Regional differences in growth rate may be a primary factor in the development of differences in otolith shape. The simi- (Uchida et al. 1982; Brouard et al. 1983; Brouard and Gradpemn 1985; Ralston and Kawamoto 1987; Ralston and Williams 1988; Carlot and Nguyen 1989) indicate that ehu from the southwestern Pacific grow considerably faster than those from Hawaii, NMI, and French Polynesia. Fish from NMI may initially grow at a similar rate to those from the southwestern region (Smith and Kostlan 1991) , but do not reach comparably large sizes. Differences in otolith shape may be mediated through differences in the orientation and packing in the otolith crystal, which could easily be influenced by the rate of crystalline growth. Growth-related differences in linear otolith proponions have been described for other species (Reznick et al. 1989; Secor and Dean 1989) . Gaemers and Crapon de Crapona (1986) referred to a sexual dimorphism in otoliths of haplochromines. Faster growing males of these cichlids have more elongate and thinner otoliths. Gauldie et al.' described differences in otolith shape as a function of parasite load for orange roughy (Hoplosrerhus urlunricus). Slow-growing parasitized fish had thicker and wider otoliths. Wilson (1985) . describing compensatory depth-related differences in otolith shape for macrourids from the Atlantic and Pacific oceans, found that otoliths were either long and thin or short, wide, and thick. The shape differences noted by Wilson may be attributable to regional and depthrelated differences in temperature and/or fish growth rates.
Data compiled by the National Oceanographic Data Center (NODC) (1989) (Mosegaard et al. 1988 ). Whether differences in temperature affect otolith shapes directly or through temperature-related constraints on somatic growth cannot be determined from this study. Other factors (such as differences in feeding and food availability between locations) may also be responsible for regional variation in size. Information on habitat, population biology, and morphology of Erelis curbunculus must eventually be tied together to evaluate the causes of regional size and shape differences in this species. Ehu provide an illustration of the continuous changes in shape taking place in otoliths throughout the life cycle. Changes in otolith shape in larval fishes are well known, but post-juvenile shape differences are rarely mentioned in the literature. These changes may be related to shifts in the metabolic rate (Gauldie 1990 ) as fish mature. This summary of otolith measurements in several dimensions makes it clear that the otolith does not grow at a constant rate along all axes. For this reason, several planes of sectioning must be considered before attempting to interpret growth from seasonal. annual, or daily growth marks obtained from sections of the otolith (Radtke 1987) . Due to the changing relationship between fish age (or size) and otolith shape, regressions of fish length versus linear otolith measurements in any dimension will vary as a function of the size range and number of fish from which data are obtained. The complexity of considerations to be made in selecting a representative size range and number of samples for a given population is illustrated by the fact that the foregoing comparisons between fish of different sizes were affected by size-specific differences in otolith shape, despite the fact that shape indices were scaled to size. Thus, the importance of careful planning to collect a representative sample for the determination of growth parameters must be stressed.
Otolith morphology has long been used in stock differentiation (Einarsson 1951; Zijlstra 1958 : Kotthaus 1961 Messieh 1972; Postuma 1974) . but recently, otoliths have become 'R. W. Gauldie, J. B. Jones, and S. Bellara. Genotype and parasite load components of the variation in the shape of the otolith of the orange roughy. Fisheries Research Centre. Wellington, New Zealand. increasingly popular for their timekeeping properties. As Fourier series (Bird et al. 1986; Gauldie and Nelson 1990; Castonguay et al. 1991) . scanning electron microscopy (Davies et al. 1988; Gauldie et al. 1990) , and other methods make it increasingly feasible to discern differences in otolith shape and molecular structure, researchers have begun to point out a wide range of inter-and intrapopulational differences in otolith shape. Differences in the morphology of otoliths of Erelis carbuncuius were first believed to be an indication of taxonomic differences in stocks. However, while regional stocks fit the species description, otolith morphology proved to be quite varied and complex. The three-dimensional variation in otolith growth rate described herein represents another indication that growth estimation from single-plane sectioning may someday be viewed as an oversimplification. Since a better understanding of the determinants of otolith structure is paramount to the interpretation of age and growth in fishes. as well as to discussions of stock differentiation and otolith taxonomy, these findings may eventually have more far-reaching applications.
